Rationale: Although obesity has been associated with asthma, body mass index is suboptimal to fully characterize adiposity.
"Obese asthma" has been proposed as a distinct asthma phenotype characterized by worsened symptoms and severity, decreased response to inhaled corticosteroids, and, in adults, late-onset and female predominance (7, 8) . Epidemiological studies, however, have highlighted the heterogeneity of the effect of obesity on asthma risk and morbidity. Obesity seems to play a substantial role in patients with nonatopic asthma in both children (9) and adults (10) , suggesting obesity influences asthma through noneosinophilic airway inflammation. Age of onset may modify the association between obesity and asthma (11) , and sex differences in the association between adiposity and asthma have been reported in both children (12) and adults (13) , albeit inconsistently.
General obesity, mostly measured by body mass index (BMI), has been associated with asthma (14) and worse asthma control (15, 16) . However, BMI is unable to distinguish between fat mass and muscle mass or to predict abdominal fat predisposition, which is associated with pulmonary function (17) , cytokine levels (18, 19) , and the metabolic syndrome (20) . Body percent fat, measured by dual-energy X-ray absorptiometry (DXA) (21) or bioelectric impedance (22) , may be the preferred measure of adiposity in epidemiological studies of asthma in children (23, 24) .
Whether DXA measures provide phenotypic information that differs from or adds to that obtained by measuring BMI for studies of asthma, however, is largely unknown. In this study, we examined the relation between adiposity indices (defined by both anthropometric and DXA measures) and asthma in a large sample of the U.S. population. We hypothesized that, compared with BMI alone, DXA-based measures would provide added information regarding asthma risk. We further hypothesized that the adiposity-asthma associations would differ by age group, sex, and atopy status.
Methods

Subject Recruitment
The National Health and Nutrition Examination Survey (NHANES) is a cross-sectional nationwide survey designed to assess the health and nutritional status of the noninstitutionalized U.S. population. Participants are selected by using a stratified multistage probability sampling. By design, persons 60 years and older and ethnic minorities (African Americans and Hispanics) are oversampled to increase the statistical power for data analysis and to represent the U.S. population of all ages after accounting for sampling weight. For this analysis, we included both children (8) (9) (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) years old) and adults (20- A proxy provided information for survey participants who were younger than 16 years of age and for subjects who could not answer the questions by themselves. Details of the methods, protocols, and definitions used in NHANES can be found on the study website (25) .
Study Procedures
Current asthma was defined by a positive answer to both of the following questions: "Has a doctor or other health professional ever told you that you have asthma?" and "Do you still have asthma?" Participants who answered "no" to both questions were selected as control subjects. Those who answered "yes" to one question and "no" to the other were excluded.
Anthropometric measures were collected by trained health technicians on the basis of recommendations from the Anthropometric Standardization Reference Manual of NHANES (26) . BMI was calculated by dividing weight in kilograms by height squared in meters. Obesity was defined as a BMI greater than or equal to 30 kg/m 2 in adults and as a BMI greater than or equal to 95th percentile in children. Central obesity was defined as a waist circumference greater than or equal to 88 cm in women or waist circumference greater than or equal to 102 cm in men (27) , and as a waist circumference greater than or equal to 95th percentile in children. For the analysis of BMI as a continuous variable, raw BMI (kg/m 2 ) was used for adults, and BMI z scores were calculated based on the 2000 U.S. Centers for Disease Control and Prevention growth charts (28) for children. Similarly, raw waist circumference (in centimeters) was used for adults, and sample-specific waist circumference z score was used for children. Percent body fat was calculated from tricipital and subscapular skin folds (29, 30) , and percent body fat z scores were calculated based on the reference equations for U.S. children and adolescents (31) . Waist-to-height ratio was standardized by using the distribution of our study sample in children and adults separately.
The whole-body DXA examination was administered at the mobile examination center with a Hologic QDR-4500A fan-beam densitometer (Hologic, Inc.) by certified radiology technologists. DXA scans provide bone and soft tissue measurements for the total body, both arms and legs, and trunk. DXA scans were administered to eligible survey participants aged 8 to 69 years. Pregnant participants, individuals with self-reported use of radiographic contrast material (barium) in the prior week, or self-reported weight greater than 300 pounds or height greater than 6 feet 5 inches (DXA table limitations) were excluded. SAS-callable imputation and variance estimation software (IVEware) was developed to impute the missing or invalid DXA data (32) using the sequential regression imputation method (33) . Five complete records containing valid and/or imputed values were created for each survey participant to allow the assessment of variability due to imputation. Further details of the DXA examination protocol are documented on the NHANES website (34) and elsewhere (35) . DXA measures included in our analysis are: total percent fat, trunk percent fat, leg percent fat, and fat mass index (total fat mass divided by height squared, kg/m 2 ). To further examine whether body fat distribution was associated with asthma, three indices were calculated: trunk-to-total fat ratio ( 
Statistical Analysis
Primary sampling units and strata for the complex NHANES survey design were taken into account for data analysis. Sampling weights, stratification, and clusters provided in the NHANES data set were incorporated into the analysis to obtain proper estimates and their standard errors. Wald chi-square tests and t tests were used for bivariate analyses of binary and continuous variables, respectively. Pearson correlation coefficient (g) was used to measure the correlation between anthropometric and DXA measures. Logistic regression was used for the multivariable analysis of adiposity indices and asthma. All models were adjusted for age, sex, race/ethnicity (non-Hispanic white, non-Hispanic black, Hispanic, or other), annual household income, and serum levels of cotinine and C-reactive protein. All statistical analyses were conducted using the SAS SURVEY procedure and SAS 9.3 software (SAS Institute Inc.). All regression analyses were repeatedly performed for each of the five imputed data sets; using SAS MIANALYZE procedure, final results were generated by combining five sets of regression coefficients using Rubin's combining rules (36) . The MIANALYZE procedure reads parameter estimates and associated standard errors or covariance matrix computed by the standard statistical procedure for each imputed data set and derives valid univariate inferences for these parameters. For the subset of participants with laboratory studies, we investigated whether atopy modified the associations between obesity/adiposity and asthma (NHANES 2005 (NHANES -2006 ) and whether insulin resistance or dyslipidemia mediated these associations (NHANES 2001 (NHANES -2006 . Figure   E1 in the online supplement illustrates the subsets of NHANES participants who had each measure available for analysis.
Results
A total of 8,886 children and 12,795 adults from NHANES 2001 to 2006 who had DXA measures and data on asthma were included in the analysis ( Table 1 ). The overall prevalence of current asthma among study participants was 9.9% in children and 7.6% in adults. Among participating children, 61.5% were non-Hispanic white, more than 81% had an annual household income greater than or equal to $20,000 or were covered by health insurance, 19.5% were obese, and 8.9% had central obesity defined by waist circumference. Mean total percent fat, trunk percent fat, and leg percent fat were 29.2%, 25.6%, and 34.7%, respectively. Among adult participants, 71.4% were non-Hispanic white, more than 82% had an Figure 1 shows the correlations between BMI, waist circumference, and DXA measures: BMI and waist circumference exhibited moderate to good correlation with most DXA indices (total percent fat, trunk percent fat, leg percent fat; g, 50-97), and fair correlation with the DXA fat distribution indices (g, 31-59). Scatter plots, however, show that these relationships are nonlinear. Overall, female participants-particularly adult womenhad higher body fat indices than male participants.
The multivariable analysis of adiposity measures and asthma is shown in Table 2 . After adjusting for age, sex, race/ethnicity, annual household income, serum cotinine level, and C-reactive protein, each 1.0 z-score increase in anthropometric measures (BMI, waist circumference, waistto-height ratio, percent body fat) was positively associated with z20% higher odds of asthma among children, whereas 1.0% increases in total percent fat, trunk percent fat, and leg percent fat were associated with a 2 to 5% higher odds of asthma. The associations for the anthropometric indices were stronger and more significant among girls than boys, except for central obesity, which was associated with z59% higher odds of asthma among boys and was nonsignificant among girls. Among adults, each 1.0-unit increase in general adiposity (BMI, fat mass index, total percent fat, trunk percent fat, and leg percent fat) was associated with 3 to 7% higher odds of asthma, whereas DXA-based trunk-predominant adiposity (trunk-to-total and trunk-to-legs fat mass ratios) was associated with 11 to 14% higher odds of asthma; conversely, lower extremity-predominant adiposity (legs-tototal fat mass ratio) was associated with lower odds of asthma (adjusted odds ratio [OR], 0.90; 95% confidence interval [CI], 0.81-0.99). When stratifying by sex, the association between trunk-predominant adiposity (higher trunk/total fat and trunk/ legs fat, or lower legs/total fat) and asthma was found in adult women only. Overall, the general adiposity indices (both 
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anthropometry and DXA based) were associated with higher odds of asthma, with a more consistent association among female participants. The regional adiposity indices were associated with asthma risk among adult women only. To evaluate whether these associations are partly driven by insulin resistance or dyslipidemia, we also included homeostasis model assessment-estimated insulin resistance or total cholesterol/high-density lipoprotein cholesterol in the models (NHANES 2005-2006 only). After additional adjustment for either measure, the association between adiposity and asthma remained significant in boys, but all associations became nonsignificant among girls (Table E1 ). Among adults, general adiposity associations with asthma remained significant both in men and women, but all regional adiposity indices (trunk-to-total fat mass ratio, trunk-to-legs fat mass ratio, and legs-to-total fat mass ratio) became nonsignificant among women.
We repeated the multivariable analysis after stratification by atopy, using data from NHANES 2005 to 2006 (Table 3) . General adiposity (BMI, percent body fat) was associated with 79 to 84% increased odds of nonatopic asthma in children. Similarly, all the DXA indices (except for leg percent fat) were associated with nonatopic asthma in children. Contrary to the findings in children, general adiposity (BMI, fat mass index, total percent fat, trunk percent fat, and leg percent fat) and central or trunk-predominant adiposity (waist circumference, waist-to-height ratio, trunkto-total fat mass ratio and trunk-to-legs fat mass ratio) were significantly associated with atopic asthma in adults. All significant results in adults were driven by atopic women (Table E2 ). There were no significant associations between general or localized adiposity and current asthma in children with atopic asthma or in adults with nonatopic asthma.
To assess whether the DXA adiposity indices contribute additional information to that obtained from BMI, we assessed "combined" models that included both obesity (defined by BMI) plus the DXA indices. Compared with women who were lean (e.g., normal BMI and normal DXA indices), those who were obese alone (BMI > 30 kg/m 2 ) had 1.54 times higher odds of asthma (95% CI, 1.27-1.86; Figure 2 ). The odds of current asthma further increased among those who were: obese with high trunk-to-legs fat mass ratio (OR, 2.06; 95% CI, 1.05-4.01), obese with high total percent fat (OR, 2.18; 95% CI, 1.60-2.98), obese with high trunk-to-total fat mass ratio (OR, 2.78; 95% CI, 1.33-5.80), or obese with high legs-to-total fat mass ratio (OR, 2.77; 95% CI, 1.22-6.31). After adding homeostasis model assessment-estimated insulin resistance to these "combined" models, the odds ratios for obesity plus the localized indices (trunk-to-legs fat mass ratio, trunk-to-total fat mass ratio, and legs-to-total fat mass ratio) became nonsignificant, whereas the combined model for obesity plus total percent fat remained unchanged (data not shown).
Discussion
In this study of a large sample representative of the U.S. population, we found that adiposity, assessed either by anthropometry or by dual-energy X-ray absorptiometry, was associated with asthma in childrenwith the association driven by nonatopic children. Among adults, adiposity indices were also consistently associated with asthma but, contrary to the findings in children, all results were driven by atopic subjects-particularly by atopic women. To our knowledge, this is the first large-scale analysis of general and local adiposity assessed by dual-energy X-ray absorptiometry and asthma risk in U.S. children and adults. Our results suggest that adiposity measured by dual-energy X-ray absorptiometry provides similar information to that obtained by using anthropometric indices among children of both sexes and among adult men. However, dual-energy X-ray absorptiometry measures on trunk-predominant adiposity provided additional value in relating adiposity to asthma in adult women: dual-energy X-ray absorptiometry central adiposity indices (trunk-to-total fat mass ratio, trunk-to-legs fat mass ratio, and legs-to-total fat mass ratio) were significantly associated with asthma only in this group. Furthermore, women with body mass index-defined obesity who also have high dual-energy X-ray absorptiometry indices of central obesity have higher odds of asthma than those with body mass index-defined obesity but without excess central adiposity, suggesting the assessment of both general and localized body fat compositions may provide a better estimate of asthma risk in women.
There have been several longitudinal epidemiological studies that have shown an Data presented as odds ratio (95% confidence interval) of asthma. All models adjusted for age, sex, race, annual household income, serum cotinine, and serum C-reactive protein.
*z score for children only (body mass index, waist circumference, percent body fat). † P , 0.01. ‡ Compared with normal weight.
x Compared with noncentral obese. jj z score for children and adults, calculated separately for each age group (waist-to-height ratio, trunk-to-total fat mass ratio, legs-to-total fat mass ratio, trunk-to-legs fat mass ratio). ¶ P , 0.05. Bold typeface used to highlight P , 0.05. ) of asthma for each group, using lean (normal body mass index and normal adiposity indices) as the reference. All models adjusted for age, sex, race, annual household income, serum cotinine, and serum C-reactive protein. L/Tot = legs-total fat mass ratio; TF% = total percent fat; Tr/L = trunk-to-legs fat mass ratio; Tr/Tot = trunk-to-total fat mass ratio.
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association between obesity and incident asthma (7) . As our understanding of what constitutes "obesity" has grown, so has the realization that body mass index may not suffice to characterize the disease or its complications (3). Rather, body fat composition and distribution may be a determining factor, and the type and characteristics of adipose tissue may play an important role in the effect of obesity on asthma. A large epidemiologic study in Norway recently reported that abdominal obesity (measured by waist circumference) is associated with asthma in women (5), but that study included only adults, did not assess dual-energy X-ray absorptiometry, and did not explore the role of atopy. Studies of obesity and asthma using dualenergy X-ray absorptiometry are scarce; they have reported an association in adult women and in children but have involved smaller sample sizes (37) (38) (39) .
Similar to our findings, a number of studies have reported that the association between obesity and asthma varies with age and sex, although results are not consistent. In adults, higher body fat has been associated with allergic sensitization (40) and worse asthma control (41) in men but not in women. Conversely, obesity (42) and low serum adiponectin (43) have been associated with asthma among women but not men, whereas body mass index and body fat have been associated with worse asthma control, more asthma exacerbations, and lower forced expiratory volume in 1 second/forced vital capacity in adolescent girls but not in adolescent boys (44) . A recent meta-analysis reported a dose-response relationship between overweight or obesity (defined by body mass index) and risk of asthma in children, with stronger effect seen in boys than in girls (12) . These sex-specific associations are likely explained at least in part by sex differences in fat distribution, adipokine concentrations, and hormonal levels (45) . Sex-and age-specific findings should be taken into account in future management approaches for obese asthma.
Whether atopy mediates the association between obesity and asthma is also unclear. Epidemiologic studies have reported conflicting findings on the association between different measures of adiposity and atopy, with some studies showing a positive association with allergic sensitization in all children (3), in girls (46, 47) , in women (48) , or in men only (40) and others reporting no significant association regardless of age or sex (49, 50) . Our findings in children are consistent with prior reports that adiposity is associated with asthma risk among nonatopic children but not in children with atopy (51). However, our finding that the adiposityasthma associations were driven exclusively by atopic adults, particularly in women, differs from those of previous studies that reported significant associations only in nonatopic adults (52) . Estrogen and its receptors have been associated with allergic diseases through polarizing T-helper cell type 2 response, upregulating immunoglobulin E synthesis, and promoting the degranulation of mast cell/basophils (53) . Although the role of estrogens in the etiology of obese asthma is unclear, our results suggest there may be a significant contribution of atopy to the sex-specific obesity-asthma relationship in adults. However, data on atopy were available only for National Health and Nutrition Examination Survey 2005 to 2006 participants, which included a smaller number of nonatopic adults with asthma, and thus our results should be interpreted cautiously.
Adipose tissue plays a role in innate immune responses, inflammatory processes, and production of cytokines and adipokines (54) . Excess visceral/ectopic fat has been linked to insulin resistance, dyslipidemia, upregulated proinflammatory cytokines including tumor necrosis factor-a and interleukin-6, and decreased adiponectin (55) . Insulin resistance has been reported as an effect modifier of the obesity-asthma association among U.S. children (56) and adults (57) , and dyslipidemia has been associated with asthma symptoms and lower lung function among overweight and obese adults with asthma, independent from general or truncal adiposity (58) . In our analysis, including homeostasis model assessment-estimated insulin resistance and/or total cholesterol/high-density lipoprotein cholesterol in the regression models rendered the association between dual-energy X-ray absorptiometry trunkpredominant adiposity and asthma among women nonsignificant. Similarly, the association between general obesity and asthma was not seen in girls after adjusting for homeostasis model assessmentestimated insulin resistance and total cholesterol/high-density lipoprotein cholesterol. Although the changes among adult women should be interpreted with caution, as the estimates changed only 3 to 5% and could be due to loss of statistical power from incorporating additional variables into the models, the results for girls were consistent, and most estimates changed by more than 10%. This suggests that in these groups, insulin resistance or dyslipidemia may explain at least part of the obesity-asthma association. Of particular interest, dualenergy X-ray absorptiometry local adiposity indices conferred extra asthma risk among women (Figure 2 ), but again that extra risk disappeared when homeostasis model assessment-estimated insulin resistance and total cholesterol/highdensity lipoprotein cholesterol were included in the models; we hypothesize that, in women, atopy and metabolic dysregulation constitute independent pathways for asthma risk. However, future studies will be needed to confirm these findings.
The distinct strengths of this analysis include having a large representative sample of the U.S. population, as well as objective measurements of adiposity indices by trained personnel. Furthermore, we accounted for several potential confounders, including cigarette smoking, low-grade systematic inflammation (measured by C-reactive protein), insulin resistance (measured by homeostasis model assessment-estimated insulin resistance), and dyslipidemia (measured by total cholesterol/high-density lipoprotein cholesterol). We also acknowledge several limitations. The temporal relationship between obesity and asthma cannot be determined in this cross-sectional study. Although we report dual-energy X-ray absorptiometry-based truncal adiposity indices, direct measures of visceral abdominal fat were not available in the National Health and Nutrition Examination Survey. Visceral abdominal fat has been positively associated with fractional exhaled nitric oxide in children (23) and lung function in adults (59, 60) . We lack data on factors that might influence adiposity or allergic sensitization, such as dietary pattern. Likewise, we did not have data on either pubertal stage or menopause and thus could not evaluate the potential influence of hormonal factors. We did not have data on asthma severity or control and thus could not evaluate the association between ORIGINAL RESEARCH dual-energy X-ray absorptiometry-defined adiposity and these measures. Finally, we had limited statistical power to analyze whether the association between adiposity and nonatopic asthma differs by sex in children, because of the small number of children with asthma in that stratum.
In summary, our study supports the obesity-asthma link not only by anthropometric indices but also by dual-energy X-ray absorptiometry measurements. Whole-body adiposity indices or local adiposity ratios calculated by dual-energy X-ray absorptiometry were associated with asthma, but such association varied by age group, sex, and atopy. Future studies on obesity-asthma association will be enhanced by greater consideration of alternative measures of fat mass and body composition. n
